Tests are described to determine the parameters and coeficients of a thermal model, which allows one to estimate the stator and rotor temperatures in a three-phase induction machine, during operation. The model is obtained by analysing the power losses and the heat transmission inside the motor (considering it in two parts: stator and rotor) and with the environment. Two differential equations are deduced, which reflect, at each instant, the balance among the power losses, the evacuated heat and the stored heat in the motor. The study is carried out for a three-phase motor with a short-circuited rotor in a squirrel cage with nominal values: 1 kW, 380 V and 50 hz. From the stator and rotor temperatures provided by the thermal model, the updated values of the electrical resistances of the machine are obtained in real time during its operation. 
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Introduction
Heating studies of electric machines have traditionally been concerned with the efficiency concept, from the point of view of the design or from that of its use [l-31. The volumelpower relationship depends on the heating and how it affects the cost of the machine. The maximum power that it can reach in different operation states, without reaching temperatures that damage its materials is an important consideration. The analysis of finite elements provides a good knowledge of the distribution of temperatures in the machine [U] .
Here a study of thermal behaviour is proposed, that, besides being useful in relation to these aspects, has maximum application in the control of the machine. Although the study is valid in general for any electric machine, it has concentrated on a three-phase induction motor with shortcircuited rotor in a squirrel cage.
The system is considered to be divided into three parts [7, 81: the stator and rotor of the motor and the environment. In the first two, power losses are generated which are transformed into heat, increasing the temperature and being transmitted among the parts. A mathematical model with two differential equations, which reflects the thermal behaviour of the system, is obtained, where the state variables are two temperatures representative of the stator and rotor. For their implementation it is necessary to know some characteristics of the motor and their relationships with the operation conditions, which affect the loss generation, the stator and rotor storage heat and the heat transmission among the parts. In this work, the determination of these parameters and coeficients is emphasised, and the realisation of tests with the motor in different operation conditions is proposed.
The tests are selective of the influence in the losses and heat transmission, so that in each instant compatible systems of equations are obtained, whose resolution provides the parameters and coefficients. The validity of the model, with the parameters and coefficients obtained in the tests, is confirmed through its simulation.
Thermal system
Although the machine is made of materials of different nature: copper, iron, aluminum, insulations, etc. and with diverse geometries, for the purpose of this, it will be considered as being divided into two homogeneous parts [9] : stator and rotor. One representative temperature of each one of them is sought, to determine the updated value of their electric resistances, at each instant, for operation in the transitory or steady state.
I Motor losses
There are different causes responsible for power losses in the motor [l-1 11: Joule's effect, hysteresis, eddy currents, mechanical frictions, the existence of harmonics, the flows of dispersion (stray losses), etc. There will be some error if, with a view to what is sought in this study, only the following losses are considered. Stator @, ) : Losses by Joule's effect in the windings, proportional to the square of its current i,s, and iron losses due to hysteresis (proportional to the pulsation of the stator field w,) and to eddy currents (proportional to the square of U,). They are:
Rotor (p,): Losses by Joule's effect in the bars (proportional to the square of the rotor current ir), and iron losses due to hysteresis (proportional to the speed of the rotor field (0,) and to eddy currents (proportional to the square of o,.). 
Heat transmission
The methods of heat transmission are conduction, convection and radiation. The heat that a body emits due to radiation is given by the expression gran = i l T', where i l is the Stefan-Boltzmann constant and T the absolute temperature of the body. For our case, the temperature that reaches the motor is small with a view to the transmission by radiation, and so this way can be ignored without introducing significant error [l, 31.
Heat is transmitted through the stator and rotor by conduction, and from them to the air by a combined effect of conduction and convection, with the prevalence of the latter. Between the stator and rotor the transmission is carried out fundamentally by conduction through the airgap.
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In this work it will be considered that the heat transmission between each two of the three parts into which the system has been divided (stator, rotor and environment), is carried out by a combined mechanism of conduction and convection [9] . It is outlined that A Q = G *A@ where A Q is the exchanged heat, G is the thermal conductance between the two parts, and Ai3 is the temperature difference between them. The contribution of convection (especially by the fan effect) is reflected by a coefficient b, which affects the value of the conductance G, and has been assumed to vary linearly with the motor speed w. If Go is the thermal conductance for w = 0, we obtain:
The following process is considered [9, 121 (Fig. 1) : the power losses generated in the stator and rotor are transformed into heat, part of which is used to modify their temperatures with their heat storage capacities (C,, C,). The rest is transferred to the environment through their conductances (G,y, G,.), and between them by the common conductance (Gsr = GJ. Taking into account eqn. 4 for the conductances G,, G, and G,,, it can be written that The thermal circuit of Fig. 1 , is defined as the dual of an electric one [7, 81, formed by three nodes: stator, rotor and environment. The power losses bA and pr) are considered as heat sources (dual of current sources) entering the nodes of the stator and rotor. The thermal conductances and capacities are dual to the electric conductances and capacities. Taking the environment as the reference node, the nodal equations of this circuit are:
0, is the environment temperature and p is the operator ddt. Introducing eqns. 1-3 in eqn. 6 we obtain: (U, -w)lw,. The conductances G,, Gd and G,,, the coefficients h,,, b,., h,,., and k,,, k,, k, , kA. , and the capacities C?;, C,, are determined by the realisation of motor tests.
Tests
To determine the last parameters and coefficients, the realisation of six tests is necessary: two feeding the motor with a DC source at different voltages, two in AC at a different frequency with the blocked shaft, and another two in AC at different frequencies and with a certain load.
The work has been carried out with a motor AEG type To measure the temperatures we have used type K termopars and a measurement device by infrared radiation. Measurements have been taken at different points of the motor, according to the test made and the access possibilities. The stator current, the feeding frequency in the AC tests and the motor speed have also been measured. The measurements are taken every 5 min and the tests last until we have the security of having reached the thermal balance. When this condition is verified, 0, and 6, are constant and the terms C, * dOddt and C, * de,./&, of eqn. 7, are zero.
Analysing the measurements carried out in the different tests, the temperatures used to calculate the variation of the resistances are deduced. For the stator it is an intermediate value among those taken from the slots (next to the winding heads) and at 1mm from the slots, in a hole made in the centre of the motor frame. For the rotor it is the one taken in the frontal ring. These are the ones that have been considered in the calculations of the coefficients. 
Calculation of thermal conductances G,, Gro and Gsro
These are determined by carrying out two tests with the motor at standstill, feeding it with direct current, as indicated in Fig. 2 . The stator source voltage and initial current in the tests are 13V, 2A and 16.5V, 2.5A respectively.
With these tests we sought to eliminate the influence of the feeding voltage pulsation and the motor speed CO,, w and i,.
are zero). The equations (from eqn. 7) are:
3*Rso [I + a s ( @ , +Qo -2 2 ) ] i z =Gs00s +Gsro(ds -O r )
With the values of the measurements in the thermal balance condition in the two tests, (esl, e,,, eO1, and (eT2, e, , e02, is2), two equations for the stator and two for the rotor are outlined and G, , , Glo and Csd obtained. The data for the tests are: el,, = 61.9"C, = 58.6"C, i,sl = 1.725A, eo, = 23°C. 
Calculation of losses coefficients in stator
These are determined by two tests, feeding the motor with AC from a frequency converter and with the blocked rotor (Fig. 3) . It is carried out at low frequencies (4 and 5.5Hz) to avoid excessive heating with the braked shaft (w = 0). The data for the tests are: O i l = 51.1°C, e;., = 63.4% = 1.34A, e,,, = 15"C, = 71.6"C, e;, = 91.0°C, is2 = 1.631A and eo, = 14.5"C. 
Calculation of coefficients b, br and b,,
Two tests are carried out feeding the motor with a frequency converter at two different frequencies (30 and 40Hz). The load is implemented by connecting the motor to a dynamo (of 1kW at 2100rpm), which is also connected to a rheostat (see Fig. 4 ). The motor load has been regulated by adjusting the rheostat. In the 30Hz test, the stator source voltage and initial current are 233V, G,o, g ,~, G, , and kH,, kfi, Note that although it is only necessary to carry out tests at two frequencies, they have also been made for the frequencies of 50 and 60Hz, and the results obtained for the coefficients coincide.
Calculation of thermal capacitances
The thermal capacities C, and Cr can be obtained from any of those tests (DC, blocked rotor, AC), establishing the thermal balance during the dynamic state. Use is made of the parameters and coefficients already calculated. The taking of the data at certain intervals of time allows one to represent graphically 8, and 0,. as a function of time. By a fitting process of these graphs, the analytic expressions of the temperatures are obtained, as well as their derivates d0,idt and deddt. The curves have been fitted well with a polynomial of degree five (as shown in Fig. 5) . Two calculation methods have been used and one of them is described here in more detail. 
1st method
Applying overlapping we can consider the exchanged heat by the stator (or rotor) in two independent termini: the exchanged heat with the rotor (or stator) and the one exchanged with the environment. For the stator, we can therefore outline:
where C, = C.,, + Cs2 and ps = pSl + ps2.
The following relationships are also obtained:
8s=mss-nss-
In the same way for the rotor:
GT Putting eqn. 6 in order yields: d8
Substituting in eqn. 14 the previous expressions for e,, 
Representing e,, 0, and their differences, in the function of d8,idt and d8,ldt, and fitting them with a polynomial of degree one, the straight lines of eqns. 12 and 13 are obtained, whose coefficients are: n,,, n,,, n,, and n,, (Figs. 6 and 7). With these values and with the conductances G,, GI and G,,, applying eqn. 17 the thermal capacities C, and C, are obtained.
2nd method
With the analytic expressions of the temperatures and their derivatives, eqn. 7 in the dynamic state is considered. For the stator and rotor, the difference between losses and heat evacuation is outlined, which will be the stored heat in each one of these parts. These functions are straight lines (they are fitted with a polynomial of degree one), whose slopes are the thermal capacities C, and C,.
Both methods have been applied in all the tests with MATLAB programs [13] and the results are very similar. The average values are C, = 3200J/"C and C, = 112OJ/"C.
Results and conclusions
In order to verify the quality of the thermal model proposed, its simulation has been carried out together with the equations that define the electrical and dynamic behaviour of the motor [14-161. In Fig. 8 , the complete model considering the field oriented coordinates equations is shown. The simulation has been implemented in MATLAB [13] , and the same conditions of supply, speed, load and environment temperature that took place in the tests have been reproduced. Table 1 shows the values of the temperatures in thermal steady state obtained in the simulation. In Fig. 9 the evolution of the stator and rotor temperatures is represented for the test and the simulation at 40Hz, with the same load. Fig. 10 shows the same for the test and the simulation at 60Hz. The comparison of the temperatures measured in the tests with those obtained in the simulation of the complete model of the motor, shows the validity of this model as well as the described procedure for its definition. It allows one to know the stator and rotor temperatures of the motor, at each instant during the operation, without the necessity of measuring them. This information provides an important aid for the optimisation in the use of the motor. 
